The virulence profiles of Pseudomonas aeruginosa quorum-sensing (QS) mutants were assessed in Drosophila melanogaster feeding and nicking infection models. Functional RhlIR and LasIR QS systems were required for killing in the fly feeding infection model but were not essential in the fly nicking infection model. Mixed infections between PAO1 and strains harbouring mutations in lasR, rhlI and lasI rhlI resulted in increased lethality in the fly feeding model compared with either isolate alone. These results suggested that the parental strain could cooperate with QS mutants in the Drosophila feeding infection model. Finally, the mixed infection between PAO1 and an rhlR mutant resulted in spiteful behaviour and reduced pathogenicity of the mixed culture.
INTRODUCTION
Quorum sensing (QS) regulates the cell density-dependent expression of target genes that modulate many bacterial phenotypes, and allows bacteria to behave as multicellular organisms, reaping benefits unattainable by individual bacteria. The most common QS systems in Gram-negative bacteria are composed of transcriptional regulators encoded by luxR homologues and autoinducer biosynthetic enzymes encoded by luxI homologues (de Kievit & Iglewski, 2000; Salmond et al., 1995) . Pseudomonas aeruginosa contains two such QS systems, the lasIR and rhlIR regulatory systems (Pearson et al., 1995) . These systems are interdependent, interact with the Pseudomonas quinolone signal (PQS), and control a wide range of genes including those for virulence factors, sigma factors and other regulators (Albus et al., 1997; Brint & Ohman, 1995; Erickson et al., 2004; McKnight et al., 2000; Ochsner et al., 1995; Toder et al., 1991; Whiteley et al.,1999) . The LasIR system consists of LasI, which synthesizes N-(3-oxo-dodecanoyl)-L-homoserine lactone (3-oxo-C 12 -HSL), and the transcriptional regulator LasR (Pearson et al., 1994) . The RhlIR system consists of the transcriptional regulator RhlR and the cognate homoserine lactone synthase RhlI, which synthesizes N-butanoyl-L-homoserine lactone (C 4 -HSL) (Winson et al., 1995) .
QS is known to be required for P. aeruginosa virulence in many organisms that serve as infection models, suggesting that this is an integral component of bacterial pathogenesis (Lesprit et al., 2003; Pearson et al., 2000; Rumbaugh et al., 1999b; Stoltz et al., 2008; Wu et al., 2001; Zhu et al., 2004) . Detection of QS system gene targets and their cognate signalling molecules suggests that these systems are active during human infection, e.g. the chronic lung infections associated with cystic fibrosis (CF) (Erickson et al., 2002) . However, the role that QS plays in chronic human infections is unclear, as mutants in QS genes frequently occur in clinical isolates (Schaber et al., 2004; Smith et al., 2006) . In particular, lasR mutants frequently arise in CF infections (Smith et al., 2006) , and in some model infections can be maintained alongside the parental strains (D'Argenio et al., 2007; Kohler et al., 2010; Smith et al., 2006) . It has been speculated that QS systems can have a deleterious influence on the long-term fitness of a bacterium (Heurlier et al., 2006) and, as a consequence, an adaptation to chronic infection may be the loss of these systems through mutations in lasR (D 'Argenio et al., 2007) . These mutants may be cheaters, as they do not produce common goods but utilize the common goods provided by other strains (Diggle et al., 2007; Harrison et al., 2006; Venturi et al., 2010) , and may have a selective advantage over their cooperating relatives (Diggle et al., 2007; Sandoz et al., 2007) .
The role of cooperation and specifically cheaters for P. aeruginosa has been assessed in two infection models: the wax moth infection model using siderophore mutants (Harrison et al., 2006) and the burned mouse infection model using QS mutants (Rumbaugh et al., 2009) . In the wax moth infection model, siderophore-producing cooperating bacteria kill more host organisms than the siderophore mutants (cheaters), whereas mixed bacterial cultures (cheater/cooperator) have intermediate levels of killing. In these mixed infections, cheaters may have a growth or fitness advantage that may enrich cheater bacteria and thereby decrease the overall lethality of the culture. Likewise, Rumbaugh et al. (2009) showed that lasI and lasR mutants have lower mouse mortality than the cooperating QS-competent parental strain. However, in mixed culture (PAO1 and mutant) infections, overall mouse mortality was lower than with the mutant strains alone (cheats, lasR and lasI mutants) (Rumbaugh et al., 2009) . Those authors conclude that in the mixed cultures the mutants increase in frequency by cheating and using the common goods supplied by the cooperating parental strain. Therefore, it is possible that QS mutants are able to use the functional QS signalling of a wild-type population, and thus help maintain a diverse bacterial population that is advantageous during an infection and benefits the entire bacterial community (Köhler et al. 2010; Winstanley & Fothergill, 2009) .
In this study, we compared the infection profiles of wildtype and QS mutants in two Drosophila melanogaster infection models. We also surveyed the ability of the QS mutants to cooperate with the parental PAO1 strain by inoculating D. melanogaster with mixed populations (parental and QS mutant). Additionally, we provide an example of spiteful behaviour by an RhlR mutant in the Drosophila feeding infection model.
METHODS
D. melanogaster infections. The role of QS of P. aeruginosa in two D. melanogaster infection models was assessed. The maintenance and fly feeding assay for D. melanogaster Oregon R flies were carried out as described in Chugani et al. (2001) with modifications outlined by Lutter et al. (2008) . Fly nicking assays were done as previously described by D' Argenio et al. (2001) , but again, the modifications by Lutter et al. (2008) were used. For mixed infections the total bacterial inoculum was held constant for each strain alone and also for the mixed infections. Mixed infections contained a 'half dose' (1 ml of an OD 600 3 bacterial culture per vial) of each strain, but in order to obtain a 'full dose' of total bacteria, twice the volume was used (2 ml of an OD 600 3 bacterial culture per vial). As controls we also tested the 'half dose' of each culture alone.
Fly feeding add-back assays. For fly feeding assays with added supernatant extracts, strain PAO1 or PAOJP2 was grown overnight in Tryptic Soy broth (TSB; Difco) for 18 h at 37 uC. The cultures were spun down at 7000 r.p.m. for 10 min and the pellet was discarded. Cell-free supernatants were extracted with equal volumes of acidified ethyl acetate three times, as described by Shaw et al. (1997) . Ethyl acetate was removed by evaporation and the extract was resuspended in 1 ml ethyl acetate/acetonitrile (1 : 1, v/v). Following this, 175 ml of 5 % sucrose containing isolates (OD 600 3) was mixed with 60 ml culture extract and a total of 175 ml was added to the filter paper. For experiments with synthetic N-acyl-HSLs, each of the isolates or mutants was grown overnight in TSB containing 3-oxo-C 12 -HSL (Sigma) (10 mM) and C 4 -HSL (Sigma) (5 mM). The OD 600 of the overnight culture was measured and the culture standardized to OD 600 3 with 5 % sucrose. The fly feeding assays were carried out as outlined above.
N-acyl-HSL and PQS assays. N-acyl-HSLs were extracted from 50 ml cultures of each strain grown in TSB. Cell-free supernatants were extracted twice with equal volumes of acidified ethyl acetate (0.1 ml glacial acetic acid l 21 ). Ethyl acetate was removed by evaporation and the residue was resuspended in 200 ml acidified ethyl acetate. TLC bioassays were performed according to Shaw et al. (1997) , with modifications. Eighty microlitres of extract was spotted onto C 18 reversed-phase TLC plates (20620 cm, Whatman) in 5 ml aliquots and developed with methanol/water (60 : 40, v/v). The plates were overlaid with Agrobacterium tumefaciens A136 culture supplemented with 0.7 % agar and X-Gal (60 mg ml 21 ). Chromobacterium violaceum CV026 bioassays were performed in 0.7 % LB agar overlays (McClean et al., 1997) . TLC plates were incubated for 24 h at 30 uC.
PQS was extracted twice with acidified ethyl acetate as described above, from 50 ml cell-free culture supernatants grown in LuriaBertani (LB) broth for 40 h at 37 uC. Extracts were air-dried and resuspended in 200 ml acidified ethyl acetate/acetonitrile (1 : 1, v/v) with 40 ml spotted in 5 ml aliquots onto K6F 254 TLC plates (20620 cm, Whatman) and developed according to Pesci et al. (1999) .
Statistical analysis. Percentage survival curves were generated using Prism 5.0 (GraphPad Software) and analysed using the log-rank (Mantel-Cox) test.
RESULTS
P. aeruginosa strains PAO1 (wild-type) (Holloway et al., 1979) , PAOR1 (DlasR) , PDO100 (DrlhI) (Brint & Ohman, 1995) , PDO111 (DrhlR) (Brint & Ohman, 1995) , CF isolate PA103 (DlasR) (Liu, 1966) and PAOJP2 (DlasIDrhlI) (Pearson et al., 1997) were fed to D. melanogaster. Only PAO1 exhibited any virulence in the fly feeding model, whereas all of the QS mutants showed little lethality and were essentially avirulent (Fig. 1a) . When the same strains were used to inoculate flies in the fly nicking experiments, PAO1 and PDO111 had similar survival curves (P50.2351), whereas the other QS mutants were slightly less lethal, since they killed about 70 % of the flies. The one exception was PDO100, which had the lowest overall lethality and only killed about 50 % of the flies (Fig.  1b) . Thus, our results suggested that QS was essential for lethality in the fly feeding assay but only modulated the lethality of some of the QS mutants in the fly nicking model. The differences in survival curves for the QS mutants between the two infection models led us to examine the Nacyl-HSL and PQS profiles for all of the strains used in this study. PAO1 produced all six N-acyl-HSLs as well as PQS, whereas PAOJP2, PAOR1 and PA103 did not produce detectable levels of any of the signals (Fig. 2) . The mutants in rhlR and rhlI exhibited different profiles in which both mutants overproduced PQS, as has been reported elsewhere (McGrath et al., 2004; Wade et al., 2005) . PDO111 produced all of the N-acyl-HSLs, albeit at slightly lower levels of C 4 -HSL compared with PAO1. In contrast, PDO100 was able to produce all the longer-chain N-acylHSLs but did not produce any shorter-chain N-acyl-HSLs detected by C. violaceum. However, there is the possibility that the amount of N-acyl-HSLs produced by PDO100 may fall below the detection limit for C. violaceum. In most cases the QS signal profiles correlated with virulence in the fly, as even a slight alteration in N-acyl-HSL or PQS production resulted in a complete loss of virulence in the fly feeding model. Interestingly, the mutant PDO100, with the greatest drop in lethality in the fly nicking model, did not have the greatest alteration in the production of QS signals but did lack production of C 4 -HSL and C 6 -HSL. In contrast, PDO111, which only produced lower levels of some QS signals, had an almost identical survival curve to PAO1 in the fly nicking model (Fig. 1) .
We also carried out add-back experiments where we added supernatant-extracted N-acyl-HSLs in ethyl acetate to the mutants and then fed the combination to the flies (Fig. 3) . In this experiment, our negative control was the PAOJP2 extract, since it should not contain any N-acyl-HSLs (Fig.   2, lane 2) . We compared these results with mutants mixed with a PAO1 extract, which should have all the signalling molecules (Fig. 2, lane 1) . Fig. 3(a) shows that when the PAOJP2 extract was added to all the mutants, there was no enhancement of killing and the curves appeared similar to those of the mutants in 5 % sucrose alone (Fig. 1a) . Notably, when we added PAO1 extracts containing all the signalling molecules (Fig. 2, lane 1) we found enhanced killing by all the QS mutants (Fig. 3b) . Interestingly, PAOR1 had the greatest increase in killing, which was the most similar to the PAO1 level of killing. The other mutants had smaller increases in killing but all had significantly more killing than the corresponding mutant grown in the presence of the PAOJP2 extract (compare Fig.  3a with b).
To determine whether purified N-acyl-HSLs could directly signal the mutants to restore killing, we grew all the mutants in TSB containing 10 mM 3-oxo-C 12 -HSL and 5 mM C 4 -HSL. These cells were subsequently pelleted and resuspended in 5 % sucrose and fed to the flies. Again, for all the mutants except PAOJP2, we saw a significant increase in fly mortality when compared with the survival curves for the PAOJP2 extract (compare Fig. 3a with c) . However, in all these mutants the increase in killing was not as great as with the supplementation with PAO1 extract (compare Fig. 3b with c). Fig. 3(c) shows that again the largest increase in killing was seen for mutant PAOR1 grown in the presence of the N-acyl-HSLs. Taken together, these experiments suggested that the loss of N-acyl-HSL production or low concentrations of certain N-acyl-HSLs in the mutants were responsible for the lack of killing in these QS mutants.
The classical definition of QS states that it is a mechanism of cell-cell communication that can regulate population behaviour (Fuqua et al., 1994) . As such we were interested in determining whether mixtures of a strain that has fully functional QS systems (PAO1) and our QS mutants could cooperate in an infection model. We chose the fly feeding model for this research, as all our mutants were avirulent in this model (Fig. 1a) . This mixed infection strategy was used to generate the results in Fig. 4 . Interestingly, we found a gradient of responses from the flies to the mixed infections. The PAO1 and PAOR1 mixed infections slightly exceeded PAO1 lethality levels but were not significantly different from PAO1 (P50.5811), whereas the PAOR1 mutant alone was avirulent (Fig. 4e) . This is interesting because we also found that adding supernatant extracts from PAO1 and synthetic N-acyl-HSLs restored the ability of PAOR1 to kill, and its survival curves were again similar to those of PAO1 (Fig. 3b, c) . Mixed infections between PAO1 and PAOJP2 ( Fig. 4a ), PAO1 and PA103 (Fig. 4b ) and PAO1 and PDO100 (Fig. 4c) showed significantly enhanced lethality compared with either strain alone at a half dose (P,0.0001), although these mixed infections did not reach the lethality of a full dose of PAO1. This suggested that even though these strains appear to be cooperating, they do not appear to be as lethal as a full dose of PAO1. Despite the lower lethality these results provide evidence of cooperation. Interestingly, mixed infections between PAO1 and PDO111 did not result in enhanced lethality compared with the half dose of PAO1, but rather appeared to have significantly decreased lethality (P50.0012) (Fig. 4d) . As mutant PDO111 produced all N-acyl-HSLs and PQS it is not clear why this strain combined with PAO1 is less lethal to the flies than all the other combinations. However, since the mutant would not be able to transcribe rhlR, this might suggest that some gene(s) regulated by RhlR may be affected and this somehow influences the lethality of PAO1 in this mixed culture.
DISCUSSION
The role of P. aeruginosa QS systems was studied in two different D. melanogaster infection models. When P. aeruginosa is introduced into the fly by nicking, host barriers are breached and this produces a more acute infection that lasts hours rather than days, potentially making some virulence factors unnecessary for infection. Overall, the QS mutants had less of an effect in the fly nicking infection model. However, PDO100, the rhlI mutant, had the most severe host mortality of all the mutants (killing about 50 % of the flies) in the Drosophila nicking model. Interestingly, this mutant produced reduced amounts of the longer-chain N-acyl-HSLs, but none of the shorter-chain Nacyl-HSLs (Fig. 2) . This suggested that the RhlI-synthesized N-acyl-HSLs were important in an acute infection in the fly. Likewise, PDO100 was significantly reduced in virulence in two other acute infection models: the mouse burn wound model (Rumbaugh et al., 1999a, b) and the neonatal mouse pulmonary infection model (Pearson et al., 2000) . Thus, it appears that the synthesis of N-acyl-HSLs by RhlI plays a significant role in these acute infection models.
In contrast, the rhlR mutant (PDO111) had no attenuation of virulence in the nicking model, and exhibited lethality similar to that of the parental strain. PDO111 produced the full set of QS signals but at lower levels than PAO1 (Fig. 2) . Notably, in an acute corneal infection, PDO111 is also as virulent as the parental strain PAO1, causing severe keratitis, whereas LasI is required for the development of corneal infections (Zhu et al., 2004) . This might suggest, as others have reported, that LasR is able to promote the expression of at least some aspects of the rhlIR regulon (Medina et al., 2003) , in particular rhlI. Overall, the factors produced by PDO111 may be enough to initiate and maintain the infection in the Drosophila nicking model.
The remaining mutants, PAORI, PA103 and PAOJP2, had intermediate levels of killing at about 70 % host mortality in the fly nicking model and did not produce any N-acylHSLs with minimal or no PQS (Fig. 2) . Furthermore, each of these three mutants in other acute infection models also has reduced virulence (Lesprit et al., 2003; Rumbaugh et al., 1999b; Tang et al., 1996 : Pearson et al., 2000 Stoltz et al., 2008) . Taken together, our results suggested that in the Drosophila nicking infection model, there might be a novel signalling mechanism that is important to pathogenesis, whereby the RhlI-synthesized N-acyl-HSLs trigger lasR or some other transcriptional activator.
In the Drosophila feeding infection model, the natural defences of the host must be breached by the bacteria in order for an infection to occur. As a result, this infection takes longer to develop and is more chronic in nature. In this model, our five QS mutants (PAOR1, PAOJP2, PDO100, PDO111 and PA103) were completely attenuated in terms of fly lethality. These results suggested that both the LasIR and RhlIR QS systems may be required to breach the natural defences of the fly and set up an infection. The attenuated virulence of a lasI/rhlI double mutant and the increased immune response associated with this mutant in the chronic rat lung model support our findings (Wu et al., 2001) . In another laboratory, a qscR mutant that overexpresses the rhlIR and lasIR systems was able to dramatically enhance virulence in terms of fly killing (Chugani et al., 2001) . Thus, it appears that in chronic infections, P. aeruginosa QS may be essential for initiating and maintaining the infection by allowing evasion of the host's defences.
In the fly feeding infection model, we used mixed infections with a cooperating strain PAO1 and various QS mutants (proposed cheaters) to determine whether these strains can cooperate in this infection model. First, all our mutants except for PDO111 were able to cooperate with the parental strain PAO1 and kill flies faster and to a greater extent than a half dose of PAO1. This suggested that these mutants were likely using the signals produced by the cooperating strains and adding to the overall virulence of the population. This was confirmed when the mutants were supplemented with N-acyl-HSLs and enhanced killing was observed (Fig. 3) . In a similar manner, Stoltz et al. (2008) showed that exogenous C 4 /3-oxo-C 12 -HSLs added to a DlasIrhlI strain enhanced the host mortality of the mutant in the Drosophila nicking infection model. In terms of other infection models (wax moth and burned mouse models), the QS mutants were not cooperative but rather behaved as cheaters and attenuated mortality to the level of the cheater itself (Harrison et al., 2006; Rumbaugh et al., 2009) . Thus, in the Drosophila feeding infection model, it seems that most of the QS mutants were cooperating with the parental strain to enhance the overall host mortality.
The one mutant that lowered the overall lethality of the mixed culture was PDO111, the rhlR mutant. This mutant decreased the overall killing of a mixed culture to less than that of a half dose of PAO1. Recently, Wilder et al. (2011) examined the roles of the las, rhl and pqs systems in cooperation and cheating. They found that a lasR mutant could behave as a typical cheater with a negative frequency dependence (Wilder et al., 2011) , and this has also been found in other studies (Diggle et al., 2007; Rumbaugh et al., 2009; Sandoz et al., 2007) . However, the RhlR mutant behaved quite differently in mixed culture, with maximal fitness at intermediate frequencies as well as having both a positive and negative frequency dependence (Wilder et al., 2011) . Notably, Wilder et al. (2011) suggested that this pattern could be due to the spiteful behaviour of the rhlR mutant towards the PAO1 wild-type. Spiteful behaviour, which functions optimally at intermediate inoculation frequencies, has been shown to involve the production of pyocins (bacteriocins) and to decrease the virulence of a P. aeruginosa mixed infection in the Galleria melonella infection model (Inglis et al., 2009) . We saw a similar reduction in Drosophila lethality with the rhlR mutant/PAO1 mixed infection when the inoculation frequency was intermediate (50/50) (Fig. 4b) . However, it is not clear at this point whether pyocins are involved in our mixed infections, and if they were, it would have to involve a novel pyocin and its immunity protein, which are normally repressed by the rhlR system. Another potential spiteful behaviour that could explain our results is the overproduction of PQS by the rhlR mutant, triggering autolysis in the mixed culture leading to lower overall virulence (D'Argenio et al., 2002; Häussler & Becker, 2008; Wilder et al., 2011) . This system would affect both the mutant and wild-type, resulting in a lowering of the overall virulence of the mixed culture. We cannot exclude this mechanism as being involved in PDO111 and PAO1 mixed infections. However, the rhlI mutant also overproduces PQS (Fig. 2c) , and in a mixed infection it has a lethality similar to that of a full dose of PAO1 alone (Fig. 4c ). As such, PDO100, the rhlI mutant, displayed more cooperative behaviour, whereas PDO111 showed more spiteful behaviour.
In summary, P. aeruginosa requires fully functional LasIR and RhlIR QS systems for lethality in the D. melanogaster fly feeding but not in the fly nicking model, where most of the QS mutants had less of an effect on lethality, except for the rhlI mutant. This study also highlights the importance of assessing the virulence of P. aeruginosa strains in both infection models due to the differences in the virulence profiles of the QS mutants. Most importantly, it was shown that QS-deficient P. aeruginosa strains could cooperate with a QS-competent strain to enhance the severity of infection by the bacterial community in the D. melanogaster feeding infection model. The exception to this was the rhlR mutant, which appeared to show spiteful behaviour by reducing the lethality of the QS parental strain to a lower level than expected.
